The cardiac proteasome is a complex, heterogeneous, and dynamic organelle. Its function is regulated by its molecular organization, posttranslational modifications, and associated partner proteins. Pressure overload, ischaemic heart disease, or genetic mutations in contractile proteins can cause heart failure, during which misfolded protein levels are elevated. At the same time, numerous interconnected signal transduction pathways are activated that may modulate any of the three proteasomal regulatory mechanisms mentioned above, resulting in functional changes in cardiac proteasomes. Many lines of evidence support the important role of the ubiquitin-proteasome system (UPS) in the development of heart diseases. Many researchers have focused on the UPS, applying new drug discovery methods not only in the field of cancer research but also in cardiovascular fields such as cardiac hypertrophy and ischaemic heart diseases. More understanding of UPS in the pathophysiology of heart diseases will lead to new routes for therapy.
Introduction
Cellular homeostasis and function require properly folded proteins. Aberrant three-dimensional structures in misfolded or damaged proteins can result from mutated protein sequences or environmental factors, such as thermal, osmotic, or oxidative stress.
1,2 Protein misfolding may expose hydrophobic amino acid residues that should be located inside the protein, which often results in aggregation, 1, 3 impairment of protein and cellular function, and potentially cell death. 4 To address damaged proteins, eukaryotic cells have developed multilayered protein quality control mechanisms that are carried out primarily by chaperones, the ubiquitin-proteasome system (UPS), and autophagy. Among these processes, the UPS functions to eliminate ubiquitinated proteins as well as damaged, oxidized, and unfolded proteins before they aggregate. 5 This is particularly important in non-dividing cells, such as neurons and cardiomyocytes, in which such proteins are not diluted during cell proliferation. 6 Strong associations between proteasomal dysfunction and cell death have been observed in many neurodegenerative diseases, suggesting that aberrant protein quality control may have catastrophic consequences. 7 Recently, a growing body of evidence suggests that alteration of proteasome-mediated protein degradation also contributes to the initiation and/or progression of cardiac diseases.
-10

Regulation of the cardiac proteasome
In eukaryotic cells, the UPS maintains homeostasis via regulating a variety of cellular functions. Poly-ubiquitination of target protein through lysine 48 (Lys48) results in degradation by the 26S proteasome, while poly-ubiquitination through Lys63 or monoubiquitination of lysine residues can be used for other purposes such as DNA repair, re-localization, or endocytosis. 11 In particular, the UPS is a non-lysosomal intracellular protein degradation pathway; approximately 80 -90% of intracellular proteins are degraded by proteasomes. 12 
Molecular organization of the proteasome 20S core particle
The 20S proteasome is composed of four stacked rings, each of them containing seven subunits. The two internal rings (b-rings) contain the catalytic subunits (b1, b2, and b5), whereas the outer rings (a-rings) form a gated channel through which polypeptides enter the central chamber where they are exposed to multiple proteolytic sites. The passage of proteins and peptides through this channel is restricted by the N-terminal regions of the a-subunits, which function as a gate. 13 The closed gate maintains the 20S proteasome in a latent state with low activity. Opening of the gate is tied to an ATP-and ubiquitin-independent interaction between the 20S proteasome and the exposed hydrophobic residues of oxidized proteins; in this manner, the 20S proteasome plays a major role in the degradation of oxidized proteins in the cytoplasm, nucleus, and endoplasmic reticulum (ER) of eukaryotic cells. 
Variable form of 20S core subunits
In higher eukaryotes, the 20S core is observed in a variety of forms. For example, interferon-g (IFN-g) results in replacement of the constitutive catalytic subunits b1, b2, and b5 with the immunosubunits b1i, b2i, and b5i, respectively. 14 Nitric oxide and heat shock are also reported to upregulate immunoproteasome levels. 15, 16 The different proteasome complexes, such as the regular proteasome and immunoproteasome, exhibit different catalytic efficiencies. 14, 17 These catalytic alternations in the immunoproteasome produce well-defined effects on the production of major histocompatibility complex (MHC) class I antigenic peptides. 18 Each cell type or tissue may contain specific proportions of regular 20S proteasomes and immunoproteasomes. 19 This ratio can also vary in response to environmental factors, such as cytokines 20 or ageing. 21 Such changes have been observed in cardiomyocytes.
The cardiac proteasome contains a variable 20S proteasome complex consisting of different proportions of b-subunits.
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Alternations in proteasome subunit composition affect overall proteasome proteolytic activity, which, in turn, may alter the specificity and selectivity of the proteasome for various substrates under certain conditions. The physiologic consequences of such changes, however, have not yet been elucidated.
Regulatory particles
The a-rings create attachment sites that activate such regulatory particles (RPs) as the 19S RP (PA700), 11S RP (PA28a, b, and g), and PA200 as well as inhibitory RPs, including PI31. 14 Thus, the proteasome assumes multiple forms: the free 20S proteasome, 26S proteasome (20S proteasome with one PA700), 30S proteasome (20S proteasome with two PA700), immunoproteasome (20S proteasome associated with PA28), and hybrid proteasome (20S proteasome with one PA700 and one PA28 or PA200), 14 presenting
another layer of proteasome complexity and heterogeneity. The 26S proteasome is responsible for the recognition and ATPdependent degradation of polyubiquitinated proteins. Mammalian 19S RPs are subdivided into those that assemble as the base and lid subcomplexes, which are connected by Rpn10. 14, 24 The base of the 19S RP is composed of six AAA ATPase subunits (Rpt1-6) and three non-ATPase subunits (Rpn1, Rpn2, and Rpn13). The six ATPase subunits form a hexameric ring, which binds to the a-ring of the 20S core particle, leading to opening of the 20S gated pore and increased proteolytic activity. 14, 24 The lid of the 19S RP is composed of Rpn3, Rpn5-9, Rpn11, Rpn12, and Rpn15. 24 Importantly, the 19S RP recognizes substrates (polyubiquitinated proteins) directly via Rpt5 and Rpn10 25, 26 and indirectly via Rpn1 and Rpn2, 14, 27 deubiquitinates substrates using Rpt11, 14 unfolds substrates using the ATPase activity, 28 and allows substrates to enter into the 20S core proteolytic particle through the activity of the base subcomplex, in particular Rpt2. 13 Gomes et al. 23 reported that 19S subunits from murine hearts contained two alternatively spliced isoforms of Rpn10 (Rpn10a and Rpn10b), although the functional implications of these variants are unknown. PA28a and b are expressed in many organs, with particularly high levels observed in immune tissues. PA28g is abundantly expressed in brain compared with moderate expression levels in other organs. PA28a and b are mainly cytoplasmic, whereas PA28g is confined to the nucleus. 29 The PA28a and b subunits form a heteroheptamer, whereas PA28g forms a homoheptamer. One study found that PA28a was associated with the 20S proteasome, but was limited in 26S proteasomes purified from hearts. 23 The binding of 11S complexes to the 20S core particle induces opening of the 20S gate and increased proteolytic activity.
29
PA28a and b cleave peptide backbones after basic, acidic, and hydrophobic residues, whereas PA28g activates proteasome hydrolysis of peptides with basic residues with modest cleavage observed after acidic and hydrophobic residues. 30 Like immunosubunits, the expression of PA28a and b subunits are induced by INF-g, 29 suggesting that the 11S complex contributes to antigen processing. PA28a and b levels are also upregulated by continuous motor nerve stimulation, 31 serum withdrawal, amino acid starvation, 32 and ageing. 33 In contrast, PA28g is unaffected by INF-g and can show markedly reduced levels during infection.
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PA28g is reportedly associated with cell-cycle progression and apoptosis. 35 Interestingly, recent studies suggest a role for the immunoproteasome in the removal of damaged or senescent proteins. 21, 36 PA200, an asymmetric, hollow, dome-like structure, binds to the 20S core particle as a monomer. PA200 binding also induces opening of the entrance and exit gates in the 20S proteasome, resulting in enhanced cleavage after acidic residues relative to basic or hydrophobic amino acid.
37,38 PA200 expression is confined to the nucleus. In heart, PA200 was found in total heart lysate, but not in purified cytosolic 26S or 20S proteasome samples. 23 
Post-translational modification of proteasome subunits
Post-translational modifications (PTMs) are key regulatory mechanisms for proteasomes. Phosphorylated subunits of 20S proteasomes reportedly include a2, a3, a4, a5, a6, a7, and b6 in both yeast and mammalian tissues. 39, 40 Phosphorylation of a7 by protein kinase CK2 stabilizes the 26S proteasome, whereas phosphorylation of Rpt6 in the 19S RP regulates the assembly and activity of the 26S proteasome through a direct association with the 20S proteasome a3 subunit. 41 -43 INF-g decreases the level of phosphorylation of both a3 and a7, suggesting that downregulation of 26S proteasome levels after INF-g treatment results from dephosphorylationdependent destabilization of 26S proteasome.
44
26S proteasomes purified from the livers of ethanol-fed rats are hyperphosphorylated and show decreased chymotrypsin-like activity. 45 On the other hand, phosphorylation of purified 20S proteasomes from murine hearts using active protein kinase A (PKA) was shown to enhance 20S proteolytic activities. 40 In this study, novel phosphorylation profiles of various proteasome subunits, including a1, b2, b3, and b5, were identified. 40 Based on isoelectric points, a measure largely reflective of the phosphorylation state, heart contains a different 20S proteasome subpopulation compared with the liver. These different subpopulations have unique molecular compositions and proteolytic activity profiles. 22 Phosphorylation of 11S also contributes to the regulation of proteasome activity. 39 Interestingly, mammalian proteasomes are modified and regulated by metabolic factors. For instance, proteasome activity in muscle cells is stimulated during starvation. 46 O-GlcNAc modification of Rpt2 by O-GlcNAc transferase reversibly inhibits proteasome function. 47 This proteasome modification may allow the organism to respond to its metabolic needs by controlling the availability of amino acids and regulatory proteins.
Other PTMs, such as N-terminal myristoylation (Rpt2) and Nterminal acetylation of several proteasome subunits (a2, a7, a5, b3, b4, Rpt3, Rpt6, Rpn1, Rpn5, and Rpn6), have also been observed in the murine heart. 23 Recently, Zong et al. 48 characterized additional PTMs of cardiac 20S proteasomes, including glycosylation, phosphorylation, oxidation, and nitrosylation, using twodimensional electrophoresis-based approaches supported by antibodies, capture reagents, and mass spectroscopy. The functional significance of most of these PTMs remains unknown, however.
Associating partners
Another important element that regulates proteasome function is the involvement of associating partners. PKA and casein kinase II (CKII) were previously reported as proteasome-associated kinases. 49, 50 In murine heart, PKA and protein phosphatase 2A
were found to associate with the 20S proteasome and increase and decrease the proteolytic activity, respectively. 40, 51 Recently, it was demonstrated that many of cardiac 20S proteasome subunits are phosphorylated by active PKA. 51 Thus, the cardiac proteasome is a heterogeneous and dynamic organelle that is regulated by at least three mechanisms: molecular organization, PTM, and associating partners 52 ( Figure 1 ).
Figure 1
Regulation of proteolytic activity of cardiac proteasome. Abbreviations used are: Rpn, regulatory particle non-ATPase; Rpt, regulatory particle triple-A; CP, core particle; RP, regulatory particle; PA, proteasome activator; PI, proteasome inhibitor; Uch, ubiquitin carboxyterminal hydrolase; Usp, ubiquitin specific peptidase. Reprinted from Tanaka et al. 14 with permission from Proceedings of the Japan Academy.
Cardiac proteasome regulation in heart diseases
The regulation of proteasome in failing hearts
Congestive heart failure (CHF) is a complex clinical syndrome that can result from virtually any form of heart disease.
Pressure overload
Pressure overload due to hypertension is a common cause of cardiac hypertrophy. Cardiac hypertrophy is an early milestone during the clinical course of heart failure. The development of cardiac hypertrophy requires increased protein synthesis that exceeds protein degradation in individual cardiomyocytes. 53 An increase in protein synthesis could potentially result in increased levels of misfolded proteins, which are targeted for proteasomal degradation before they aggregate. 3, 54 Production of misfolded proteins beyond the capacity of the proteasomes or proteasomal dysregulation, however, may result in aggregate deposition in cardiomyocytes. Recent studies have detected an accumulation of ubiquitinated proteins and abnormal protein aggregation in the cardiomyocytes of patients with decompensated cardiac hypertrophy. 55 -58 It also has been shown that the transcript levels of some of the a-and b-subunits of the 20S proteasome are downregulated in failing human hearts compared with non-failing hearts. 59 These findings suggest that impaired removal of abnormal proteins by proteasomes contributes to the pathophysiology of CHF. In fact, we demonstrated that depressed proteasome activities may contribute to the transition from compensated cardiac hypertrophy to CHF in a pressure-overloaded mouse model. 56 On the other hand, cardiac proteasome activity increased together with an upregulation of both 20S and 19S proteasome subunit levels during the development of cardiac hypertrophy caused by either pressure overload or cardiac-specific expression of Hsp22 in mice. 60 -62 The authors reproduced proteasome activation in vitro using cardiomyocytes treated with either acute adenovirus-mediated overexpression of Hsp22 or prohypertrophic stimuli. 62 Also of interest, the proteasomes were redistributed to the nuclear compartment in the hypertrophic hearts of cardiacspecific Hsp22 transgenic mice. 62 Based on these findings, studies into the effects of proteasome inhibitors on cardiac hypertrophy have been conducted. Depre et al. 61 showed that proteasome inhibition in mice prevents pressure overload-induced cardiac hypertrophy without affecting ventricular contractile function. The authors also demonstrated that proteasome inhibition has reverse cardiac remodelling effects in overloaded hearts and stabilizes contractile function by repressing collagen accumulation via reduced NF-kB activity. 60 The effects of proteasome inhibition on both the prevention and regression of cardiac hypertrophy also were demonstrated in a pharmacologically induced cardiac hypertrophic model. 63 Meiners et al. 64 showed that proteasome inhibition effectively suppressed cardiomyocyte hypertrophy in cultured cardiomyocytes, as evidenced by reduced cell size and suppressed expression of several hypertrophic marker genes. Potential benefits of proteasome inhibition in cardiac remodelling induced by hypertension have also been reported in rat hypertension models. 64, 65 The proteasome inhibition suppressed either cardiomyocyte hypertrophy 64 or cardiac fibrosis 65 by downregulating key signalling pathways of hypertrophic growth or by interfering collagen and matrix metalloproteinase expression, respectively. Interestingly, the enhanced ubiquitin-proteasome activity was demonstrated in atherosclerotic lesions of patients with morning blood pressure surge, which were associated with associated with inflammatory-dependent unstable plaque phenotype. 66 These findings indicated that proteasome plays a key role in the pathophysiology of hypertension. Important questions remain, however. First, why is proteasome activation required for the development of cardiac hypertrophy? One possible reason is that regulatory proteins that prevent cardiac hypertrophy are targeted to the proteasome during pressure overload due to activation of a specific ubiquitin ligase. Alternatively, activation of the proteasome during stress may be necessary to maintain a pool of amino acids for the synthesis of nascent proteins. 62, 67 Second, is long-term treatment with a proteasome inhibitor beneficial to these patients? 68 It is known that significant inhibition of the proteasome induces apoptosis in various cell types, including cardiomyocytes, because of ER stress or a direct toxic effect of the accumulated misfolded proteins. 69, 70 Importantly, an unexpected cardiotoxicity of bortezomib, a selective and irreversible inhibitor of 20S proteasome, has been identified in clinical settings. 71 -74 Finally, is the reversal of hypertrophy in the presence of prohypertrophic signalling of benefit for the function and survival of heart muscle? 68, 74 All of these questions must be clearly replied to evaluate the potential of proteasome inhibitors for treatment of cardiac hypertrophy. Angiotensin II (ANGII) plays a critical role in the development of cardiac hypertrophy. In skeletal muscle myotubes, ANGII increased proteasome chymotrypsin-like activity as well as an increase in protein expression of proteasome a-subunits, Rpt1 and Rpt4 subunits. 75 ANGII also increased mRNA levels of the ubiquitin ligases MURF-1 (muscle ring finger-1) and atrogin-1 in vivo, 76 suggesting a critical role of ANGII in muscle wasting in patients with cardiac cachexia. However, there is little information about the effects of ANGII on cardiac proteasome, it is worthy of consideration to investigate it.
Familial cardiomyopathies
More than 200 different mutations in 14 genes encoding sarcomeric proteins have been identified in patients with hypertrophic cardiomyopathy (HCM), with MYBPC3 among the most frequently mutated genes. 77 MYBPC3 encodes cardiac myosin-binding protein C (cMyBP-C); identified mutations frequently result in a frameshift, leading to the production of a truncated protein product. In addition to a 'poison polypeptide' mode of action, haploinsufficiency is thought to contribute to the disease, because the expected truncated proteins were not detected on western blots of cardiac tissue from patients carrying MYBPC3 frameshift mutations. 78 Sarikas et al. 79 clearly showed that truncated cMyBP-C proteins are preferentially degraded by the UPS. A more important finding from this study, however, is that the truncated cMyBP-C proteins were not only substrates of the UPS, but also impaired the degradation of other UPS substrates, probably due to competitive inhibition; this suggests that the truncated cMyBP-C mutants create a constant additional workload for the UPS in the heart, resulting in decreased proteasome-mediated degradation of abnormal proteins caused by ageing or oxidative stress. 79 Like truncated cMyBP-C variants, the E334K missense mutation in MYBPC3 also causes UPS-dependent destabilization of the protein and proteasome impairment, which may contribute to cardiac dysfunction in HCM. 80 Bahrudin et al. 80 identified five novel MYBPC3 mutations in Japanese patients with HCM. Among them, only E334K made cMyBP-C unstable via the UPS. The expression of the E334K variant impaired 20S proteasome activity and induced apoptosis in cardiomyocytes. In addition, patients carrying the E334K mutation showed smaller ejection fractions and larger left ventricular end-diastolic diameters compared with healthy subjects and patients carrying other MYBPC3 mutations. Another example that demonstrates the possible role of UPS in the pathophysiology of familial cardiomyopathy is familial desminrelated myopathy (DRM), which is caused by a R120G mutation in the gene encoding aB-crystallin (CryAB). 81 CryAB, an abundant heat shock protein, acts as a chaperone protein to assist the assembly of and modulate interactions between desmin filaments. 59, 82 Transgenic mice expressing CryABR120G develop cardiomyopathy that resembles DRM because CryABR120G acts as a dominant negative mutant, leading to disruption of myofibril alignment and formation of desmin-positive aggregates. 83 Interestingly, analysis of cardiacspecific CryABR120G transgenic mice crossed with GFPdgn reporter mice that express a UPS reporter substrate revealed marked proteasome dysfunction in the heart before the development of CHF. 84 Furthermore, CryABR120G-induced proteasome dysfunction in cultured cardiomyocytes was attenuated by inhibition of aberrant protein aggregation by Congo red. 84 These findings indicate that proteasome dysfunction contributes to cardiac remodelling and failure in this model, highlighting an additional pathogenic mechanism of CryABR120G-related DRM. 84 The mechanism underlying impaired proteasome function is unclear, however; insufficient delivery of substrate proteins into 20S proteasomes, depletion of key components of the 19S subcomplex, and direct inhibition of proteasomes by aggregated proteins may play a role.
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Ischaemia
Ischaemic heart disease is one of the most common causes of CHF; myocardial ischaemia contributes to the pathophysiology and progression of CHF. Ubiquitinated protein levels increase in the hearts of patients with ischaemic heart disease, 57 suggesting that myocardial ischaemia disturbs the UPS in heart. Bulteau et al. 86 first demonstrated declines in the caspase-like, trypsin-like, and chymotrypsinlike activities of 20S proteasomes along with increased levels of oxidized and ubiquitinated proteins in rat hearts after coronary occlusion/reperfusion. Reduced 26S proteasome activity has been also observed in hearts after ischaemia/reperfusion. 87 A correlation between recovery of post-ischaemic function and levels of oxidized and/or ubiquitinated proteins has been observed. 88 The mechanism of ischaemia/reperfusion-induced inactivation of proteasome activity remains unknown, although modification of proteasome subunits by 4-hydroxy-nonenalyation (4-HNE) is likely involved in this process. Incubation of purified 20S proteasomes from heart with 4-HNE resulted in specific subunit modification and proteasome inactivation. 89 The 26S proteasome subunit S6 ATPase was also identified as a major intracellular target protein that is deactivated by oxidative stress. 90 4-HNE cross-links proteins or oxidized proteins and can inhibit proteasome activity. 68, 91, 92 Interestingly, oxidative stress caused selective rather than global inhibition of proteasome activity. 93 These data suggest oxidative stress plays a major role in heart proteasome dysfunction during ischaemia/reperfusion. Depletion of ATP may also be an important contributing factor to proteasome dysfunction during ischaemia because degradation of polyubiquitinated protein by the 26S proteasome requires ATP, 94, 95 whereas the removal of oxidized proteins during myocardial ischaemia is mediated by the 20S proteasome. 88 On the other hand, oxidative stress can also offer signal preconditioning protection, not simply injurious, and induce stress responses that lead to survival. 96 87 demonstrated that pre-ischaemic treatment of isolated rat heart with a proteasome inhibitor results in dosedependent decreases in post-ischaemic cardiac function and enhanced accumulation of ubiquitinated and oxidized proteins. Thus, the effects of proteasome inhibition in the heart, which inhibitors should be used (reversible or irreversible) at which doses (degree of inhibition), the appropriate time-course of inhibition (when and how long), and whether the effects are extracardiac or cardiac all require further examination. Ischaemic preconditioning and pharmacologic preconditioning with nicorandil increase post-ischaemic proteasome activities. 87, 106 Cai et al. 107 investigated the role of immunoproteasomes in ischaemic preconditioning. The cardioprotective effects of ischaemic preconditioning were lost in b1i knockout mice due to impaired degradation of phosphatase, a tensin homologue deleted from chromosome 10 (PTEN), and activation of the downstream protein kinase Akt. Impaired PTEN degradation was associated with defective immunoproteasomes and decreased proteolytic activities. 107 Diabetes mellitus is a major cause of myocardial ischaemia. Marfella et al. 108 demonstrated that 20S proteasome activity (chymotrypsinlike) in the myocardia of diabetic ischaemic patients was enhanced compared with non-diabetic ischaemic patients. Ubiquitin and proteasome 20S immunoreactivity was observed in both cardiomyocytes and macrophages from the diabetic ischaemic area, whereas this immunoreactivity was primarily found in the inflammatory cells from the non-diabetic ischaemic area. 108 Experimental hyperglycaemia induced in rats using streptozotocin results in diabetic cardiomyopathy. In these hyperglycaemic hearts, 20S b5 proteasome activity increased, 26S b5 proteasome activity decreased, and the levels of ubiquitinated proteins and oxidized proteins increased. 109 Interestingly, PA28a and PA28b levels were upregulated in the Cardiac proteasome regulation in heart diseases hyperglycaemic hearts, suggesting a response to oxidative protein damage was triggered by hyperglycaemia.
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Myocarditis
Viral myocarditis leads to dilated cardiomyopathy (DCM), which may result in sudden death or end-stage CHF. Coxsackievirus B3 (CVB3), an enterovirus from the Picornavirus family, is a frequent cause of human viral myocarditis and the associated sequela, DCM. 110 Various viruses use the UPS to facilitate their replication by manipulating host cell signalling and regulating host proteins; for instance, the UPS plays a critical role in CVB3 replication in cardiomyocytes. 111 Cardiomyocyte HL1 cells infected by CVB3 show no significant changes in proteasome activity, although proteasome inhibition effectively attenuates CVB3 replication by preventing both viral RNA transcription and protein synthesis in cultured murine cardiomyocytes. 111 The regulation and roles of the UPS were also examined in vivo using myocarditis-susceptible A/J mice. 112 Ubiquitinated proteins abnormally accumulated in CVB3-infected hearts 9 days after infection, which may be caused by increased expression of the ubiquitin-activating enzyme E1A/E1B, the ubiquitin-conjugating enzyme UBCH7, and the deubiquitinating enzyme UCLH1. Furthermore, although no alteration of proteasome activity was observed in CVB3-infected hearts, a proteasome inhibitor attenuated CVB3-induced myocardial injury. 112 The underlying mechanisms by which proteasome inhibition attenuates viral replication and CVB3-induced myocardial injury are not fully determined, however. On the other hand, microarray analysis demonstrated increased gene expression of low molecular mass protein 2 (LMP2, known as b1i) in CVB3-infected mouse hearts. 113 Szalay et al. 114 demonstrated that the hearts of myocarditis-susceptible A.BY/SnJ mice express increased levels of immunoproteasomes and show decreased chymotrypsin-like and caspase-like 20S proteasome activities during the acute phase of CVB3 infection compared with those from resistant C57BL/6 mice. This was accompanied by elevated expression of genes involved in the antigen-presenting machinery, such as MHC class I molecules, b2-microglobulin, TAP, and tapasin, suggesting that enhanced immunoproteasome formation affects the generation of antigenic peptides and alters T-cell-mediated immune responses to CVB3 in susceptible mice. 114 
Clinical application of a proteasome inhibitor
The proteasome inhibitor bortezomib (PS341) is approved by the FDA for the treatment of relapsed multiple myeloma and mantle cell lymphoma, and has been used as an anti-cancer agent against hematologic and solid malignancies. 115 However, this agent has been associated with unexpected cardiac complications ranging from arrhythmia to CHF. 71 -73 The voltage-gated potassium channel Kv1.5 mediates an ultrarapid delayed rectifier current (Ikur), which plays an important role in maintenance of the membrane potential. The pore-forming, inwardly rectifying K þ channel core Kir6.2 is primarily responsible for K þ permeance. Both Kv1.5
and Kir6.2 are degraded by proteasomes and modulate the stability of these channel proteins, 116, 117 which may contribute to arrhythmia following bortezomib therapy. Recently, Fu et al. 69 investigated the cardiotoxic effect of a proteasome inhibitor on cardiomyocytes. They found that proteasome inhibition caused ER stress without a compensatory increase in ER chaperone expression, resulting in apoptosis via the CHOP-dependent pathway. Further, adenovirus-mediated overexpression of GRP78, an ER chaperone, attenuated CHOP expression and rescued cardiomyocytes from the apoptosis induced by proteasome inhibition. If the cardiotoxic effects of bortezomib are a result of decreased cardiac proteasome activity, interventions that enhance or restore this activity may decrease cardiac side effects during bortezomib treatment. Recently, Asai et al. 106 showed that ischaemic preconditioning and intracoronary administration of PKA activators enhance cardiac 26S proteasome assembly and activity in vivo. Although further studies are necessary to elucidate this mechanism, manipulation of proteasome function may provide treatment avenue for a wide spectrum of heart diseases in which depressed cardiac proteasome activity contributes to pathogenesis or disease progression. 56,86 -88,118 
